We studied dissociation reactions of electron impact on water vapor for several fragment species at optical and near ultraviolet wavelengths (200 -850 nm). The resulting spectrum is dominated by the Hydrogen Balmer series, by the OH (A 2 Σ + -X 2 Π) band, and by the emission of ionic H2O + (A 2 A1 -X 2 B1) and OH + (A 3 Π -X 3 Σ -) band systems. Emission cross sections and reaction channel thresholds were determined for energies between 5 -100 eV.
INTRODUCTION
Dissociative electron impact excitation reactions can provide a remote diagnostic of neutral gases and the physical environment of atmospheres around planets and small bodies in our solar system (Galand et al. 2002) . It provides distinct spectral fingerprints in the infrared, optical, and ultraviolet wavelengths, and its efficiency is strongly dependent on both the electrons' energy and on the target molecule (Itikawa & Mason 2005) . As such, electron dissociative excitation and subsequent emission has been used to identify water plumes emanating from Europa (Hall et al. 1995; Roth et al. 2014) , to remotely identify a tenuous O2 atmosphere around Callisto (Cunningham et al. 2015) , and recently, by the Rosetta orbiter to study neutral gases in the inner coma of 67P/Churyumov-Gerasimenko Bodewits et al. 2016 ) and its interaction with a coronal mass ejection (Noonan et al. 2018 ).
Both the Europa and 67P/Churyumov-Gerasimenko results have sparked new interest in electron impact reactions with molecules abundant in the atmospheres of small bodies (including H2O, CO2, CO, HCN, O2, …) at energies between 0 -100 eV. They also highlighted gaps and limitations in existing data sets (Van de Burgt et al. 1989; Avakyan et al. 1998; Itikawa & Mason 2005; McConkey et al. 2008) . Cross sections for several excitationemission features are often measured only at one or two electron energies, many times only relative cross sections are available, or cross sections vary greatly between different groups.
There are large differences between measurements caused by the different methods used (for example crossed beam vs. gas cell experiments), overlapping emission features that make it difficult to measure the entire emission cross section of a given excited product, ambiguities in data processing (correction for lifetimes), the effects of energy resolution and the calibration of the electron sources used, and even the temperature of the target gas. For example, Table 6 in Van de Burgt et al. 1989 shows a factor of four difference across measurements of the H I, O I 121.7 nm optical excitation function for electrons colliding with H2O, even after renormalization. A similar issue can also be seen with O I 130.4 nm in both Van de Burgt et al. (1989) and Makarov et al. (2004) . To make full use of the diagnostic qualities of electron impact emission, reliable measurements of the energy dependence of emission features in both visible and ultraviolet wavelengths are needed, at near-threshold electron energies.
Here, we report on laboratory measurements of electron impact reactions with water vapor at energies relevant for the atmospheres of small bodies such as comets (Broiles et al. 2016 ) and Europa (75% of electrons below 205 eV; Bagenal et al. 2014) . We first briefly describe the experimental apparatus and our data reduction (Sec. 2), then we discuss the measured cross sections and reaction channel thresholds (Sec. 3). We conclude this manuscript with a discussion of the diagnostic application to small body (cometary) atmospheres (Sec. 4).
EXPERIMENT AND ANALYSIS

Electron fluorescence apparatus
The experiments were carried out using a crossed-beam apparatus using distilled and deionized water. The apparatus is described in detail in previous publications (Danko et al. 2013; Országh et al. 2017) and is briefly described here. The electron beam generated by an electron gun crosses perpendicularly with a molecular beam formed by an effusive capillary in the vacuum chamber. In the experiments discussed in this manuscript we used the trochoidal electron monochromator (TEM) only for a small number of measurements due to the low intensity of produced electron beam and low values of the emission cross sections of the reactions leading to weak photon signal. The entire chamber was heated to approximately 60°C to prevent condensation of H2O vapor. We ensured that gas pressures did not exceed the single collision regime -an electron hits only one molecule. The energy resolution of the electron beam produced with the TEM was 600 meV FWHM with electron currents typically between 0.3 -2 µA. The electron gun had an electron energy distribution with a FWHM of 3 eV and currents between 5 -8 µA. For both sources, the electron energy range considered was 5 -100 eV. The gas pressure, ambient pressure, and electron current were all electronically monitored and logged.
Photons produced by the reactions were guided out of the vacuum chamber by a system of mirrors and lenses and focused onto the entrance slit of the Czerny-Turner optical 4 Bodewits et al. -Diagnostics of electron impact on water molecules monochromator (resolution l/dl = 972 at 100 µm slit width). To acquire a broad-range overview spectrum we used a Hamamatsu R3896 photomultiplier tube sensitive between 185 -900 nm. To acquire more detailed spectra, we used a Hamamatsu R4220P photomultiplier tube which is more sensitive and has lower noise in the UV range than the R3896 photomultiplier. We determined the spectral response function of the optical system in the visible and near infrared by measuring black body radiation emitted by a heated tungsten filament of known temperature. We determined the spectral sensitivity response in the ultraviolet range by measuring the continuum emission of H2 (a
eV. The shape of the hydrogen continuum spectrum published by James et al. 1998 and the theoretical spectrum of the black body were used as a reference each in its corresponding spectral range. The final spectral response function was determined as a ratio of measured spectra and reference spectra. The instrumental field of view is given by the optical monochromator acceptance angle and the parameters and positions of the used lenses and mirror. The interaction region from which the emitted photons can reach the photomultiplier is approximately 3 mm in diameter for a 100 μm slit width.
Two complementary methods were applied to measure electron collision energy dependent emission spectra: 1. wavelength scans at a fixed electron energy, and 2. electron energy scans at a fixed wavelength corresponding to specific emission features of interest.
In both cases, typical exposure times were 10 seconds per measurement step. Profiles of the emission intensity with respect to electron incident energy were derived by averaging over at least three scans.
Calibration Procedures
To ensure good signal to noise for the optical monochromator we used relatively large background gas pressures in the reaction chamber (~10 -4 mbar). At the pressures used for our experiments polar water molecules form a deposit on the electrodes of the electron gun (Berman 1996) which causes a linear offset in the electron energy. To correct for this the energy of the electron beam was first absolutely calibrated by introducing a mixture of N2, helium, and H2O into the set up and by measuring the intensity profile of the N2 (C 3 Pu-B 3 Pg)(0-0) band at 337 nm and the He I (1s2p
# +,-,# -) emission line at 447.14 nm. The former has a sharp maximum at an electron energy of 14.1 eV (Országh et al. 2012) , the latter has a threshold at an electron energy of 23.736 eV (NIST 2015) . We then measured the energy dependence of the intensity of the Hb emission for both the gas mixture and the pure H2O beam. By fitting the H2O -only Hb profile to the Hb profile of the H2O /N2/He mixture, we corrected for the linear offset of the electron energy in our H2O experiments.
The energy dependence of the emission lines intensities was determined by positioning the optical monochromator at the peak of the lines, and then scanning over the electron energy range. The absolute calibration of the excitation curve was achieved by scaling the curve of the Hβ line at 100 eV to the measurements by Müller et al. (1993) , 4.9 x 10 -19 cm 2 .
Then the intensity of the spectrum was scaled such that the area below the spectral line corresponded to the value of the cross section curve at 50 eV. In this procedure we assume that only the relative cross section and not the shape of the atomic line changes with electron energy. Other emission lines were calibrated by scaling the data according to Hβ.
To determine the emission cross section of the much broader molecular emission features, the area under the band was integrated after the spectral intensity was calibrated according to Hb. Specific emission cross section normalization details are discussed later in paragraphs corresponding to the individual cross sections.
Thresholds
Several steps are visible in the relation between emission cross sections and the electron energy. These steps or onsets indicate the thresholds for opening of new reaction channels for given dissociative excitation processes. We determined the position of these threshold energies by fitting a theoretical threshold function consisting of a constant background and a linear function. The intersection of the two functions determines the threshold. More sophisticated routines are available, but they require data with higher signal-to-noise ratio.
The noise in the measured signal affects the uncertainty of the determined value more significantly than the uncertainty introduced by the fitting method.
Uncertainties
The measured emission cross sections are subject to several uncertainties. The largest contribution to the uncertainty in the cross sections originates from the spectral intensity calibration process in which we anchor our data to the dissociative emission cross section of the Hb line produced by electron impact on water vapor by Muller et al. (1993) The data were not corrected for electron beam and target pressure variations, which both introduce a random error of approximately 5%. Both the pressure and electron current were logged and measurements where either of these varied by more than 10% were discarded. Every scan over electron energy was repeated at least 5 times and the standard deviation in signal counts was used to determine that the stochastical errors in every energy bin was on the order of 5%.
No method for determination of polarization of the emitted light was used in this experiment, introducing an error of less than 5%.
The long lifetime of the higher n ³ 5 states of the hydrogen atom results in a large fraction of the Balmer emission series not being detected (Sec. 2.2). We corrected our measurements for this assuming a velocity of 7 km/s; in reality the fragments' velocity distributions also have faster components that are added with increasing collision energy (Kouchi et al. 1979; Kurawaki et al. 1993; Makarov et al. 2004) . Consequently, the cross sections of the Hg,d,e may be underestimated somewhat at higher collision energies.
Finally, the uncertainty of the electron energy calibration is mostly driven by the energy distribution of the electron beam which has a full width half maximum (FWHM) of 0.6 eV, equivalent to a 1-sigma error of 0.26 eV.
RESULTS AND DISCUSSION
We measured the electron induced emission spectrum of water at an incident electron energy of 50 eV in the spectral region from 200 to 800 nm. An overview spectrum (300 -800 nm) is presented in Fig. 1 
Hydrogen Balmer series
In our spectra we can reliably detect the Balmer series up to He. The higher order transitions of the Balmer series have a relative long lifetime (Table 1) reported in previous studies (Table 3) and are all about 0.5 eV higher than the thermochemical minimum thresholds for the reaction H2O + e à OH (X 2 P + ) + H(np) ( Table   4 ). All Balmer emission cross sections show a second onset between 23.6 -25.5 eV. This energy range is consistent with several reactions that result in complete dissociation of the water molecule and with the production of excited hydrogen and excited neutral or ionized hydroxyl. The emission cross sections profiles of the OH (A 2 S + -X 2 P + ) (Sec. 3.2) and OH + (A 2 S + -X 2 P + ) bands have thresholds around 9.4 and 13 eV, consistent with the production of hydrogen in the ground state. They also show small kinks at 20 and 23 eV, above the thresholds for the production of excited hydrogen occurs according to the thermochemical estimates.
Our cross section values for the Balmer series of hydrogen are in agreement with those published by Müller et al. (1993) within experimental uncertainty. The values reported
by Beenakker et al. (1974) and Möhlmann et al. (1979) Hence, the discrepancy between the cross section values published by Vroom et al. (1969) and later papers. The long lifetime of higher excited states contributing to Balmer series (given in Table 1 ) significantly affects the photon signal intensity in crossed beams experiment since a considerable part of the photons can be lost due to limited field of view of the experimental device (see Table 1 ). After application of calculated correction factors our values are comparable to Müller et al. (1993) and have similar trend as cross sections determined in collision cell experiments which supports the correctness of the used correction.
As is shown in Fig. 3A , all the curves of the emission cross sections of Balmer series show similar trends with respect to the collision energy. That agrees with Beenakker et al. (1974) who reports similarity within 4% and deduces the other Balmer series cross sections from the H (4 -2) value. In our experiment every emission cross section of H (n à 2) has been determined individually from the experimental data and the determined cross sections are in good agreement to Beenakker's values. The similar shape of the curves can be also seen from the fig. 3B where the ratios of Hβ/Hα and Hγ/Hα are roughly constant after they reach a maximum at approximately 40 eV.
In general, the authors of the published data do not describe experimental details such as the temperature of water vapor reacting with electron beam that may contribute to discrepancies of the published cross section values.
Emission from OH
The emission spectrum of the OH (A 2 Σ + -X 2 Π) transitions from 260 nm to 335 nm is shown in Fig. 4 . This region was measured with higher spectral resolution than used for the overview spectrum in Fig Our absolute calibration of the emission cross section of electron impact produced OH (A 2 Σ + -X 2 Π) is done by anchoring the flux in a small bandpass Dl to the emission cross section of Hb and by weighting this flux to the entire emission band based on an empirical ro-vibrational model. The cross section of Hb in turn was calibrated by comparing our signal at electron impact energies of 100 eV to the emission cross section reported by Müller et al (1993) at the same energy.
As discussed in Section 2.1, we acquire our measurements by either fixing the electron energy and by adjusting the spectrometer to acquire a spectrum over a range of wavelengths, or by fixing the spectrometer at specific wavelengths (283.5 nm and 307.3 nm in our case; Fig. 5a ) and by scanning over electron impact energy. To determine the total emission cross section of the different OH bands from the fixed-wavelength measurements we employed a technique inspired by Müller et al. (1993) , who fitted different simulated ro-molecules vibrational distributions to the experimental OH spectrum to deconvolute the emission spectrum. This distribution cannot be directly determined from the experimental data due to limited spectral resolution.
To construct synthetic spectra of the sections from 280 nm to 305 nm and from 305 nm to 335 nm, we simulated the spectrum using the Lifbase 2.1 software (Luque & Crosley, 1999) by varying the vibrational and rotational populations for n ' = 0, 1, 2 (Fig. 6) . To match the experimental and simulated spectra it was necessary to slightly adjust the wavelength calibration of the experimental spectrum by 0.3 nm which is within the experimental resolution of the optical monochromator. The baseline correction of the experimental spectrum was set to 0.55%, a gaussian line shape was found to better fit the experimental spectrum, and the resolution of synthetic spectrum was set to 0.5 nm. Since the Lifbase software allows only manual adjustment of the rotational level populations in the model we have started our approximation by first setting the populations according to Müller et al. (1993) . We adjusted the populations manually to achieve a minimal residual after subtracting the fitted spectra from the measurement.
In Fig. 6 we show the best-fit synthetic spectrum with the contributions of the n ' =0, 1, and 2 bands, compared to a spectrum measured at an incident energy of 50 eV. Müller et al. (1993) also considered the OH + (A 3 Π -X 3 Σ -)(2 -0) feature in their fit. Because the contribution of this band to the total emission is marginal and does not affect the fit to our data, we excluded it from the spectral model. In Figure 6 we show the relative population of the rotational states for individual vibrational states of OH (A 2 Σ + ), in agreement with previous studies (Müller et al. 1993; Möhlmann 1976) . Based on the relative strenghts of the Q1 and R1 bands the rotational temperature of the synthetic spectrum corresponds to approximately 2200 K.
Next, we used the synthetic spectra to extrapolate total emission cross sections from the measurements at 283.6 nm and 307.3 nm by integrating the area under the curve for the specific band. For this we assumed that the relative distribution of the rovibrational states was constant over the energy range considered here. We verified this assumption by comparing our distribution measured at 50 eV by the vibrational distribution of Müller et al. (1993) that was measured at 100 eV. Our results are very similar, except for the population molecules of the rotational states for vibrational level v ' = 2. We also looked at the ratio between the measured emission cross sections at 283.6 and 307.3 nm as a function of the incident electron energy. This ratio is approximately constant within 10% supporting the validity of our assumption.
The resulting emission cross sections for the different OH (A 2 Σ + -X 2 Π) transitions at an impact energy of 50 eV are summarized in Table 5 . For comparison, we also give the values determined by Müller et al. (1993) acquired at an incident electron energy 100 eV.
The first three rows in the Table ( n '-n '' = 0-0, 1-1, 2-2) add to the emission between 307 -330 nm); the next two rows (n '-n '' = 1-0, 2-1) constitute the emission between 280 -295 nm and finally the last row (n '-n '' = 2-0) corresponds to band between 260 -270 nm (see Fig. 6 ). As the three individual bands that constitute each of the two emission features cannot be distinguished in the measured spectra, we add the emission cross sections of these bands to derive the 'unresolved emission cross section'. The cross sections given by Müller et al. (1993) are approximately two times larger than our values for both unresolved band and resolved bands. That corresponds to the increase of relative cross section curve at 100 eV in comparison to 50 eV even though the increase is not that intensive.
The OH emission from water has previously been studied by several groups using different techniques. The reported emission cross sections for OH (A 2 Σ + -X 2 Π) differ markedly. Müller et al. (1993) report a value measured at an electron energy of 100 eV that is approximately 30% lower than the value reported by Beenakker et al. (1974) For the reaction channel leading to OH (A 2 Σ + -X 2 Π) emission we find a threshold of 9.4 ± 0.3 eV, just above the thermochemical minimum energy (9.24 eV) and in good agreement with previous measurements (Tables 3 and 4 ). The emission cross section peaks around 19.5 eV, then decreases until 65 eV. Our results indicate a slight increase again with increasing impact energy, which was not expected based on the measurements by Müller et al. (1993) and Beenakker et al. (1974) . We attribute this different behaviour on the heating of our set up. Khodorkovskii et al. (2009) investigated the effect of gas temperature on the electron impact induced emission cross section of OH (A 2 Σ + -X 2 Π). Their results agree with the first two papers at low nozzle temperatures (16 -24°C), and resemble ours at nozzle temperatures of 50°C. The difference is explained by the dissociation of singlet states that are excited at these higher temperatures. Heating of our system to 60°C was necessary to avoid disruptive condensation of water vapor in the nozzle system.
Emission from OH +
For OH + (A 3 Π -X 3 Σ -) we determined the cross section by integrating the surface area under the experimentally acquired spectrum (with calibrated intensity according to Sec. 2.2) between 333 and 378 nm, rather than by developing a spectral model (see Table 6 for exact integration boundaries for individual cross sections). These values bear higher uncertainties than those of OH as the experimental spectrum contains noise and possibly a small contribution from the OH (A 2 Σ + -X 2 Π). As is shown in Fig. 4 , the region of the OH + (A 3 Π -X 3 Σ -) emission also contains two excited emission features and the wavelength bands containing these features were excluded from the cross section integration. This adds to the uncertainty of our cross sections. The first feature is a strong, broad band between 342.9 -346.5 nm which Müller et al. (1993) (King & Price, 2008) , suggesting that the emission is produced by one of the other neutral or ionic fragments produced by the reaction. The second feature found molecules around 377.9 nm might be attributed to excited O + ion, but if that were the case, we would expect multiple strong emission features between 400 -480 nm due to the O + 3p-3s transitions, which were not observed.
The energy dependent relative emission cross sections for OH + (A 3 Π -X 3 Σ -) measured at 395.5 nm is shown in the Fig. 5b . We determined a threshold around 23 ± 0.3 eV. Using an OH ionization energy of 13.017 eV (Ruscic et al. 2002) we find a thermochemical minimum appearance energy of 21.7 eV for production of excited OH + (A 3 Π). We found no other reported value for this threshold, but our results are in excellent agreement with studies of the photoionization threshold of H2O leading to the production of OH + in the ground state (Ruscic et al. 2002) .
After a steep increase between 23 and 50 eV, the emission cross section of OH + (A 3 Π -X 3 Σ -) reaches a plateau of and then seems to decrease slightly with increasing energy up to 100 eV. Absolute emission cross sections are given in Table 5 and add up to a total of 6.4 x 10 -20 cm 2 , which is a factor of 25 less than the emission from neutral OH (A 2 Σ + -X 2 Π). Our results are significantly lower than those reported by Mueller et al. (1993) whose separate emission band cross sections add up to a total emission cross section of 29.8 x 10 -20 cm 2 .
Emission from H2O +
In the spectral region between 430 and 750 nm more than 400 sub bands of H2O + (A 2 A1 -X 2 B1) transition can be found (Kuchenev & Smirnov 1996) . In Figure 7 , a detail of part of this spectral region (between 430 and 560 nm) is shown. The sub-bands were identified according to Kuchenev & Smirnov (1996) . To determine emission cross sections a spectral resolution much higher than possible with our spectrometer is necessary as the bands are spread over a large spectral range and overlap each other.
We measured the energy dependence of three relatively bright H2O + features that were reasonably separated from other spectral features with peaks at 496.3 nm, 503 nm, and 519.75 nm (Fig. 8) . These features are all part of the H2O + (A 2 A1 -X 2 B1) band, corresponding Müller et al. (1993) .
In Table 6 give a lower limit of the cross section value for the spectral region 350 -500 nm at 100 eV which is >1.25x10 -18 cm 2 .
EXAMPLES OF DIAGNOSTIC APPLICATIONS IN COMETS
Dissociative electron impact excitation provides a remote diagnostic of both the neutral gas and the electrons interacting with it (Section 1), and water vapor is ubiquitous in our solar system. Through spectral analysis and modelling that implements dissociative crosssections as a function of electron energy the dominant emission source can be identified, and if spectral signal is high enough to capture a wide range of emission features with varying threshold energies it may even be possible to remotely determine plasma properties.
However, to fully employ its diagnostic qualities, we need to distinguish between different mechanisms that excite fragment species (Feldman 2004) . In comet atmospheres, those are mainly resonant fluorescent excitation (Swings 1941; Schleicher & A'Hearn 1988) and emissive photodissociation ('prompt' emission; Bertaux 1986; Budzien & Feldman 1991; A'Hearn et al. 2015; La Forgia et al. 2017) . In this section, we will briefly highlight how the emission from electron impact on water vapor in Near-UV optical wavelengths differs from the emission from these two other processes. We will only compare the spectral signatures;
it is of note that in comet atmospheres the morphology of emission due to direct excitation mechanisms (i.e. emissive photodissociation and dissociative electron impact emission) molecules maps the distribution of parent species (H2O here) and can be found closer to the nucleus, whereas fluorescent emission maps the fragment species resulting in a flatter, more extended distribution (cf. Bertaux 1986; Combi et al. 2004; Bodewits et al. 2016) . We also note that electron impact UV emission has been evaluated in several protoplanetary disks (France et al. 2011) ; improved cross sections for further molecular species may allow remote characterizations of plasma environments that are beyond the reach of current spacecraft capabilities.
First, we compare fluorescent excitation and dissociative electron impact excitation of the Hydrogen Balmer series. While Ha has been observed in some comets (e.g. Combi et al. 1999; Shih et al. 1985; Cochran & Cochran 2002) , the observations are challenging owing the low surface brightness of fluorescence emission from the million-km-sized Hydrogen envelope of comets, and because it can be easily overwhelmed by geocoronal emission.
Based on the results of the Rosetta mission (Bodewits et al. 2016) , we expect electron impact emission to dominate in the inner coma (~100 km) of comets with low production levels (~10 27 molecules s -1 ).
We estimated excitation rates of atomic hydrogen (cf. Feldman et al. 2004 ) exposed to Sun light using oscillator strengths from Wiese & Fuhr (2009) . For the solar irradiance of the Lyman lines we used high-resolution solar spectrum acquired by the Extreme Ultraviolet
Monitor on board the Maven spacecraft (Eparvier et al. 2015) during the solar maximum in 2014 and we assumed a heliocentric distance of 1 au and a heliocentric velocity of 0 km/s.
To determine the line strength of the Balmer series, one needs to consider the cascade population of states below those initially populated. However, because the excitation of states with n > 4 is very small compared to n = 3, 4 (factor 20 smaller), and because we only excite states with angular momentum l = 1 we can ignore cascade population here. This implies that for the fluorescence emission, the line strength is given by the excitation rate weighed by the transitions branching ratios, which are 0.88 for the Lyman series and 0.12 for the Balmer series (Omidvar 1980) . The resulting relative line strengths are given in Table   7 . The ratio between the Ha and Hb is similar for electron impact (above energies of 40 eV) and resonant fluorescence, but electron impact results in more higher-order (n > 4) Balmer lines. In the case of electron impact, these ratios do vary with energy (Fig. 3b) ; they increase molecules steeply at energies exceeding the onset of the channels and reach a maximum at electron impact energies of approximately 40 eV, after which they decrease slightly again. This implies that the ratio between the Ha, Hb, and Hg can be used as a remote diagnostic of the electron temperature.
Second, we consider the spectrum of OH (A 2 Σ + -X 2 Π). As is shown in Fig. 9 , the three different excitation processes lead to distinctly different emission spectra between 260 -335 nm. Emissive photodissociation by Ly-a emission is known to produce OH ( 2) for v = 0, 1, and 2, respectively, and to a superposition of two clearly non-thermal distributions of the rotational states (Fig. 6 ). The resulting OH (A 2 Σ + -X 2 Π) spectra produced by fluorescence excitation, emissive photodissociation, and electron impact dissociation excitation are markedly different (Fig. 9 ). In the fluorescence spectrum, the emission peaks between 305 -310 nm (Schleicher et al. 1988 ). Emissive photodissociation results in a spectrum with much stronger emission between 280 and 290 nm, additional emission at 307 nm, and two broad maxima in the region between 305 and 310 nm and 312-318 nm (La Forgia et al. 2017) . Electron impact dissociation results in a more continuous spectrum with maxima at 305, 309, 312, and 315 nm.
Third, the emission features discussed here all correspond to different reaction channels, each with its own threshold (Tables 3 and 4) . Whereas in astrophysical environments electrons will not be mono-energetic as in our set up (cf. Broiles et al. 2016) , the onset and disappearance of emission features is tied to the temperature of the incidence electrons. For example, the OH (A 2 Σ + -X 2 Π) band occurs around 9.2 eV, or about 100,000
K; Ha appears at 17.7 eV, or 200,000 K. Optical and Near-UV emission features of electron impact dissociation can thus be used as a remote plasma diagnostic. molecules Fourth, the electron impact induced spectra can be used as templates to identify emission lines in astrophysical spectra. For example, while analysing our results, we compared the H2O + (A 2 A1 -X 2 B1) spectra from our experiments and those by Kuchenev & Smirnov (1996) with observations of comet ion tails (Wyckoff et al. 1999; Kawakita & Watanabe 2002) and found that many unidentified lines could be attributed to transitions from the higher vibrational levels of the H2O + (A 2 A1 -X 2 B1) band, levels which were not considered in fluorescence models.
To facilitate the application of our results in astrophysical models, we provide polynomial fits to the data in Appendix A. These polynomials are purely mathematical fits with no theoretical basis. The determined cross section curves (both absolutely calibrated and relative ones) were smoothed and fitted by polynomial functions of the 9 th order valid in the range from the threshold of the process up to 100 eV. In specific cases (Hb and Hg) it was necessary to divide the range into two parts and fit them separately since using only one function for the whole range would lead to discrepancies between fit and real values around the second threshold.
CONCLUSIONS
Electron impact reactions can be used to remotely detect and characterize volatiles in the solar system. To discover and interpret this emission, a thorough understanding of dissociative electron impact reactions is required. Water is ubiquitous in the solar system and one of the main constituents of the tenuous atmospheres of small bodies such as comets.
We have experimentally studied the dissociative excitation of water molecules using a crossed-beam set up equipped with multiple electron sources and spectrometers. This allowed us to characterize the emission cross sections of excited OH, atomic hydrogen, and the ions H2O + and OH + , as well as the impact energies above which those excited products were formed. The first emission features to appear are the OH (A 2 Σ + -X 2 Π) bands between 260 -335 nm, with a threshold of 9.4 ± 0.3 eV. The OH + (A 3 Π -X 3 Σ -) and H2O + (A 2 A1 -X 2 B1)
features occur next at incident energies above 13 ± 0.3 and 15.8 ± 0.3 eV, respectively.
Finally, above 17.7 ± 0.3 eV, the Hydrogen Balmer series was detected. These values are in good agreement with thermochemical estimates and previous experiments. Total emission cross sections are given in Table 5 . Top: fluorescence excitation of OH at a heliocentric velocity of 2.13 km s -1 (based on a level distribution from D. Schleicher, priv. comm.) . Center: electron impact of H2O at an incident molecules energy of 50 eV (this paper). Bottom: emissive photodissociation of H2O (La Forgia et al. 2017 ). The spectral resolution for these simulations is 0.5 nm.
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